5-Hydroxytryptamine (5-HT) transmission has been implicated in memory and in depression. Both 5-HT depletion and specific 5-HT agonists lower memory performance, while depression is also associated with memory deficits. The precise neuropharmacology and neural mechanisms underlying these effects are unknown. We used neural network simulations to elucidate the neuropharmacology and network mechanisms underlying 5-HT effects on memory. The model predicts that these effects are largely dependent on transmission over the 5-HT 1A and 5-HT 3 receptors, which regulate the selectivity of retrieval. It also predicts differential memory deficit profiles for 5-HT depletion and overactivation. The latter predictions were confirmed in studies with healthy and depressed participants undergoing acute tryptophan depletion or ipsipirone challenge. The results suggest that the memory impairments in depressed subjects may be related to 5-HT undertransmission, and support the notion that 5-HT 1A agonists ameliorate memory deficits in depression. 
INTRODUCTION
Hypofunction of the 5-hydroxytryptamine (5-HT) system has emerged as a leading candidate cause for depression (Naughton et al, 2000; Middlemiss et al, 2002) . At the same time, several lines of evidence point to a role for 5-HT in memory (Buhot et al, 2000) . Most prominently, depletion of tryptophan (TRP), a precursor of 5-HT, is associated with lower performance on episodic memory retention tests in humans (Riedel et al, 1999) . This mirrors findings in depression, which is accompanied by moderate to severe memory deficits (Johnson and Magaro, 1987; Schaub et al, 2003) . However, manipulations that increase 5-HT concentration or 5-HT receptor activation also lower memory performance, as indicated by receptor agonist studies in both humans (Riedel et al, 2002) and animals (Altman and Normile, 1988) . Up to now, it is not known why both increased and decreased 5-HT activation have adverse effects on memory.
5-HT binds to a large and disparate family of CNS receptors, which have effects that are sometimes opposite.
Thus, many effects of different receptors seem to cancel each other out. In a review (see Supplementary Information on internet), we identify two robust effects of 5-HT in the hippocampus. First, 5-HT exerts a hyperpolarizing influence on principal cells; directly, via 5-HT 1A receptors, and indirectly, via facilitation of GABA release from local interneurons through 5-HT 3 receptors (Burnet et al, 1995; Piguet and Galvan, 1994) . Activation of 5-HT 2A and 5-HT 2C receptors has been suggested to induce depolarization in principal cells (Piguet and Galvan, 1994; Barnes and Sharp, 1999) , but these effects appear to be dominated by the depolarizing effects of 5-HT, as bath application of 5-HT will hyperpolarize principal cells in slice preparations of the dentate gyrus (Piguet and Galvan, 1994) . In addition, through 5-HT 2C , 5-HT 4 , and 5-HT 7 receptors, afterhyperpolarizing (AHP) currents are downregulated, leading to reduced adaptation in principal cells (Torres et al, 1996; Bacon and Beck, 2000) . The increased firing rate observed in slices after prolonged application of 5-HT has been linked to this mechanism (Andrade and Nicoll, 1987; Andrade and Chaput, 1991) .
To investigate the actions of 5-HT on memory, we turned to computational modelling of the hippocampus, a medial temporal lobe structure known to underlie episodic memory. There are several extant neurocomputational models of this structure, which agree to a substantial level on the essentials of hippocampal involvement in episodic memory (Gluck et al, 2003) . One such model (see Figure 1) has recently been applied to study the effects of acetylcholine on the hippocampus and its role in memory (Meeter et al, 2004) . We adapted it to investigate the effects of 5-HT on that same structure, by incorporating both effects of 5-HT discussed above. We then simulated a typical episodic memory task at different levels of 5-HT, ranging from depletion to overactivation. The single free parameter in these simulations was the relative strength of the two net effects of 5-HT, hyperpolarization and reduced adaptation, on which there is no biological data. The contribution of each effect to hippocampal processing was investigated by varying its strength independently. The predictions of the simulations were subsequently tested with data from two psychopharmacological studies: one in which the effect of TRP depletion was investigated, and one in which patients were administered 5-HT 1A agonists.
MATERIALS AND METHODS

Model
Except for the addition of simulated 5-HT receptors, no changes were made to a published model of the hippocampus (Meeter et al, 2004) . The model was built using spiking McGregor model neurons. These integrate-and-fire nodes are abstracted from the Hodgkin-Huxley formalism and incorporate sodium, potassium, and chloride currents, implementing excitatory and inhibitory inputs, leak currents, and adaptation (MacGregor and Oliver, 1974) . They were simulated in discrete time steps of 2 ms. Hebbian learning was used, with the addition of negative Hebbian learning that models LTD. Model architecture and parameter values were based, where possible, on biological data.
The model consisted of four layers representing subfields of the hippocampal formation (Figure 1 ). An entorhinal cortex layer (EC) functioned as the input layer of the model. The next layer represented the granule layer of the dentate gyrus (DG). Of the hippocampus proper, fields CA3 and CA1 were included. CA1 functioned as the output module of the model. Per layer, one inhibitory node was implemented to sustain feedforward and feedback inhibition. The connectivity between the model layers reflects the known pathways in the hippocampus (for a review, see Witter et al, 2000) .
Two kinds of oscillations were incorporated in the model, fast g band oscillations (20-60 Hz) and slower y band oscillations (4-12 Hz). y wave oscillations in the model resulted from inhibitory oscillators, known to exist in the medial septum, which project to hippocampal inhibitory cells (Acsády et al, 1993; Freund and Antal, 1988; Gulyás et al, 1991; Gulyás et al, 1990) . Rhythmic firing of these oscillators phasically disinhibits hippocampal principal cells at y frequency (Tóth et al, 1997) . g frequency oscillations arose within the modeled layers from the interplay of excitation and fast feedback inhibition.
Also modelled was a medial septal cholinergic node. This node controlled the release of acetylcholine (ACh) in all modelled layers. The node itself received input from the septal y oscillator, and from hippocampal interneurons (Dragoi et al, 1999; McLennan and Miller, 1974; Tóth et al, 1993) . The latter connections were inhibitory; in essence, the cholinergic node was disinhibited only when entorhinal input did not elicit any recall in the hippocampus; that is, when the input was new. This allowed the model to automatically switch between two modes, a learning mode characterized by a high ACh release, and a retrieval mode characterized by a low ACh release. As ACh stimulates the formation of new patterns and also enhances LTP (Hasselmo, 1995; Hasselmo and Bower, 1993) , such dynamics favor the formation of new representations in case of new input, and the maintenance of old representations in case of old input (Meeter et al, 2004) .
Simulations
We repeated the basic simulation of pattern learning and retrieval reported earlier (Meeter et al, 2004 ). An entorhinal input pattern A, consisting of 12 nodes, is activated during one y cycle in learning mode, characterized by a high ACh level. This leads to new hippocampus representations being formed through competitive learning in the dentate and CA3 layers. Converging CA3 and EC inputs activate CA1 nodes, which store the correspondence of the EC input pattern and its CA3 representation.
After the acquisition phase, both the stored pattern A, and a new input pattern B are presented to the model during one y oscillation in retrieval mode, characterized by a low ACh level. Presentation of pattern B is included to guarantee the specificity of retrieval (the activity it elicited increased and decreased in line with incorrect retrieval, and will not be separately reported). As the connections between EC and CA1 are one-to-one, only 12 CA1 nodes are innervated by the EC input pattern. The maximum number of these 12 CA1 nodes that are simultaneously active during retrieval constitutes the measure of correct recall. The maximum number of other CA1 nodes that are simultaneously active during retrieval constituted our 'incorrect nodes' measure. The level of 5-HT was assumed to remain constant during the simulation, and was represented by a variable f, with a value of 1 representing the normal situation. The hyperpolarizing effects of 5-HT on hippocampal principal nodes were instantiated by an inhibitory current -af added to the input to principal cells, which stands for the 5-HT level multiplied by a constant a. The attenuation of AHP was implemented through modification of the adaptation constant t: t ¼ t s /f, with t s representing the standard value of the time constant. For other model details, see the appendix.
Depletion study
TRP is the precursor of 5-HT. Acute TRP depletion causes a dramatic lowering of both plasma concentrations of free TRP and the rate of 5-HT synthesis in the human brain. These effects occur rapidly, within 4 and 6 h for TRP and 5-HT, respectively, due to the rate-limiting enzyme TRP hydroxylase, which converts TRP to 5-HT (Riedel, 2004) .
A total of 17 healthy volunteers drank 100 g of an aminoacid mixture with or without TRP, according to a doubleblind, crossover design. We report memory performance 5 h after administration. Tests at longer delays following administration are not reported, but show the same pattern. More details are reported elsewhere (Schmitt et al, 2000) .
Agonist study
A total of 15 patients with major depression, dysthymia, or anxiety disorder with depressed mood (DSM-IV diagnoses) and 16 controls received on three consecutive days single oral doses of 10 mg ipsapirone, a 5-HT 1A agonist, or 0.5 mg/kg metachlorophenylpiperazine (m-CPP), a 5-HT 2C agonist, according to a double-blind, placebo-controlled, crossover design. Participants then completed a memory task, yielding immediate and delayed recall and recognition scores. The metachlorophenylpiperazine condition is not reported here, as our model does not predict strong memory deficits from stimulation of 5-HT 2C receptors. Indeed, no substantial effects of m-CPP were found. More details are reported elsewhere (Riedel et al, 2002) .
RESULTS
In the simulations, the model stores a pattern in a learning phase, and later, in a retrieval phase, retrieves it. Figure 2 shows a normalized summation of activity in CA1 and CA3 during the retrieval phase, at different levels of simulated 5-HT action. Increased hyperpolarization through 5-HT causes a drop in pyramidal firing. Simultaneously, the decreased adaptation that also characterizes 5-HT's effects in the hippocampus leads to higher firing rates, as has been found in vitro (Andrade and Nicoll, 1987; Andrade and Chaput, 1991) .
The model can make two kinds of errors, errors of omission and errors of commission. In the first case, it does not retrieve part of the stored pattern, in the second it activates, during retrieval, nodes that do not belong to the pattern. Figure 3 shows how hippocampal retrieval of information is affected by simulated changes in 5-HT action, for different relative strengths of the two effects of 5-HT. Panel a shows activation of correct nodes during retrieval, panel b the activation of incorrect nodes (those not belonging to the stored pattern), while panel c shows a composite recall index, which encompasses both aforementioned measures.
Changes in adaptation have relatively little effect on performance, as evidenced by the virtually equal results for the three levels of adaptation. In contrast, hyperpolarization of principal cells through 5-HT does affect memory performance. Strong hyperpolarization leads to a drop in correct retrieval. Conversely, a low level of hyperpolarization spares retrieval of correct nodes, but facilitates activation of incorrect nodes (panel b) to the extent that the integrity of retrieval suffers. Both higher and lower than normal levels of hyperpolarization thus lead to a decrease in our retrieval index (panel c), leading to an inverted U-curve of memory performance as a function of 5-HT action. This reproduces the finding, discussed earlier, that 5-HT depletion as well as excessive stimulation of 5-HT receptors hinders episodic recall. Our results suggest that both effects depend largely on hyperpolarization through 5-HT 1A and 5-HT 3 receptors, and not on changes in AHP currents. Stimulation of 5-HT 1A and 5-HT 3 receptors mostly affects the quantity of information retrieved, and 5-HT depletion mostly its quality.
Successful episodic recall depends on both the quantity and the quality of information retrieved from memory. However, recognition may rely predominantly on the quantity of information retrieved (Humphreys et al, 1989) , with recognition hit rates roughly indexing correctly retrieved information and false alarm rates the amount of incorrectly retrieved information. Our modelling work thus predicts that lowered 5-HT levels will lead to recall deficits, normal hit rates (as the quantity of correctly retrieved nodes should not be affected), and increased false alarm rates. On the other hand, stimulation of 5-HT receptors should lead to recall deficits, lower hit rates, and lower false alarm rates. The modelling thus predicts that each condition is accompanied by a distinct memory profile. 
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Experiments
To test these predictions, we reanalyzed data of experiments in which standardized memory batteries, including immediate and delayed recall and recognition tests, were administered in either 5-HT depletion or 5-HT stimulation conditions. While previous reports on these and similar experiments considered recall and measures of recognition sensitivity, we now determined the separate effects of each condition on hit rates and false alarm rates.
In the depletion study, healthy participants were tested, on different days, following TRP depletion and in a control condition. It has already been shown that healthy volunteers' delayed recall and recognition of newly learnt material were specifically impaired after acute TRP depletion (Schmitt et al, 2000) . We looked at results in more detail, analyzing hit rates and false alarm rates separately ( Figure 4 ). As predicted, recognition hit rates were not lowered in the depletion condition, t(15) ¼ 0.565, p ¼ 0.580, and false alarm rates were higher in the depletion condition than in the control condition, t(15) ¼ 2.988, p ¼ 0.009, two-tailed.
For the 5-HT agonist study, we analyzed recall scores, as well as hit rates and false alarm rates in recognition ( Figure 5 ). On immediate recall, there were no main effects of condition, Fo1, or group, F(1,27) ¼ 1.45, p ¼ 0.24, but there was a crossover interaction between these two factors, F(1,29) ¼ 6.85, po0.014. Whereas normal controls performed worse with ipsapirone, performance of depressed participants improved. In delayed recall, neither main words first have to be recalled in a free recall format, and are then tested in a recognition format. Presented are the results from 17 normal controls, tested under acute TRP depletion conditions and under a control condition in which TRP intake was normal. Figure 5 Performance on a word-learning test in which 15 words were presented for five trials, and subsequently tested in recall and recognition format. Presented are the results from 15 patients with unipolar depression (shaded bars marked 'depr.') and 16 normal controls (solid bars marked 'nc'), tested after oral ingestion of either ipsapirone or a placebo (control).
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effects nor the interaction were significant, but the pattern in means was in the same direction as for immediate recall. These results are in line with predictions from the simulations, given the common view of depression as involving 5-HT 1A hypoactivity (Naughton et al, 2000) . Ipsapirone shifts persons with depression from the low side of the inverted U-curve in Figure 3c to the right and upward, leading to better recall. Normal controls are shifted from the top of the curve to the right and downward, leading to decreased recall.
On hit rates, there were no main effects of either group, F(1,27) ¼ 2.565, p ¼ 0.12, or condition, Fo1, nor was there an interaction between the two. False alarm rates were lower for control participants than for depressed participants, F(1,27) ¼ 5.90, p ¼ 0.022. In both groups, they were lower in the ipsapirone condition than in the control condition, F(1,27) ¼ 5.01, p ¼ 0.034 (there was no interaction between group and condition). Again, this is in line with predictions from the simulations, first in that persons with depression, more to the left in Figure 3b , have increased levels of false recognition, and second, in that increasing 5-HT 1A activation (a shift to the right in Figure 3b ) lowers retrieval of false information in both groups.
DISCUSSION
According to our simulations, 5-HT influences memory performance through its hyperpolarizing effects, whereas changes in adaptation may not have a large influence on memory performance. Distinct memory profiles were derived for low and high transmission of 5-HT in the hippocampus: low 5-HT transmission was predicted to lead to a relatively large amount of information being retrieved, at the cost of activating irrelevant information and of high levels of false alarms. High 5-HT transmission was predicted to lead to a reduced quantity of retrieved information, leading to lower recall scores combined with lower levels of false alarms. These predictions were verified with data from psychopharmacological experiments. Lowered levels of 5-HT transmission were operationalized as TRP depletion, increased transmission as an ipsapirone challenge. (Ipsapirone will not only work through postsynaptic 5-HT 1A receptors but may also, via autoreceptors in the raphe nucleus, lower 5-HT release (Dong et al, 1997) . Even if the latter effect is strong, there may well be a net increase in hyperpolarization, as a lower 5-HT release decreases both hyperpolariziation through 5-HT 1A and 5-HT 3 receptors, and depolarization through 5-HT 2A and 5-HT 2C receptors, whereas postsynaptic effects of ipsapirone are specific to 5-HT 1A .) As predicted, we found increased false alarm rates during TRP depletion, and lowered false alarm rates after administration of ipsapirone. A further result, whereby ipsapirone increased recall in depressed participants but lowered it in normal controls, was also in line with predictions from the simulations.
Our study is unusual in taking hit and false alarm rates as basic recognition memory measures. Most often, results from recognition tests are reported using sensitivity and bias measures, such as d' and b (Banks, 1970; Snodgrass and Corwin, 1988) . These measures are computed from hit and false alarm rates, and changes in false alarm and hit rates can also be reported as decreases and increases in sensitivity and bias. We feel that for our results this would not increase clarity, however. Findings in recognition memory usually fit various 'mirror effects' (Glanzer and Adams, 1985; Glanzer et al, 1993; Ruiz et al, 2004) : while hit rates go down false alarm rates go up, and vice versa. Our data do not conform to this rule: as false alarm rates went up or down, hit rates remained stable. This can only be explained by peculiar combinations of sensitivity and bias changes, which suggests that a change in false alarm rates is not secondary to an underlying change in sensitivity only.
In the simulations, the effects of 5-HT were varied during both the acquisition and the testing phase. This was done because the same conditions were applied in the experiments. We performed additional simulations in which 5-HT was held constant during either acquisition or retrieval, and varied during the other phase. For both the 5-HT depletion and stimulation conditions, effects were strongest when 5-HT was increased during the acquisition phase. Nevertheless, in both conditions, smaller effects in the same direction were also found when 5-HT was manipulated only during retrieval. For 5-HT depletion, there are indications that effects are indeed stronger when the depletion occurs before learning, rather than following it (Schmitt et al, 2000) . The prediction that the larger effect of 5-HT stimulation occur at acquisition remains to be tested.
Several complications of 5-HT neuropharmacology have not been incorporated in this study. One is the influence that the 5-HT system exerts on cortisol release. Pharmacological manipulations of 5-HT, including ipsapirone challenge, are known to induce a cortisol response through the hypothalamic-pituitary-adrenal (HPA) axis. This is especially pertinent, given suggestions that depressed individuals show a blunted cortisol response to ipsapirone challenge (Meltzer and Maes, 1995; Riedel et al, 2002) . Whether this cortisol blunting results in differential effects on episodic memory is not clear. Cortisol is sometimes reported to enhance learning of neutral material, but also to impair it (Abercrombie et al, 2003; Jelicic et al, 2004) . This could imply that memory impairment seen in healthy volunteers after ipsapirone, but also after all other serotonergic challenge agents, might theoretically be ascribed to elevation of cortisol. However, Mcpp induced a similar cortisol response as ipsapirone, but did not affect memory in either patients or controls. Furthermore, since the cortisol response to ipsapirone was slightly blunted in depressed patients, this could at most explain a decrease in memory impairment relative to controls. In fact, immediate recall performance was improved after ipsapirone in depressed patients (Riedel et al, 2002) .
Another issue is that ipsapirone may not be wholly specific to 5-HT 1A receptors, but may affect the noradrenergic system as well, either through its low affinity for alfa2 receptors or through metabolites such as 1-PP (Yatham and Steiner, 1993; Piercey et al, 1994) . However, none of this has ever been substantiated in humans by showing measures of association between correlates of alfa2-binding and behavioural effects or serotonergic-noradrenergic interaction studies. In a study of the interaction of ATD and buspirone (a 5-HT 1A agonist with higher reported affinities of alfa2 as well as a resultant 1-PP metabolite), it was shown that 1-PP blood levels were not associated to any of the behavioral and physiological effects of buspirone, making it less likely that this metabolite is primarily responsible for the observed effects of 5-HT 1A agonists (Jagannathan and Venitz, 1997) . In addition, these authors also showed that ATD pretreatment attenuated the behavioral and physiological effects of buspirone, confirming the impression that the azapirone 5-HT 1A agonists like buspirone and ipsapirone act primarily through the 5-HT system. The affinity of ipsapirone for 5-HT 1A receptors is quite dominant over other affinities (Peroutka, 1988) . Both of these issues touch on the relations between the 5-HT system and other modulatory systems, a larger issue that we hope to pick up in further studies.
The results reported here in first instance apply to studies in which 5-HT and its receptors are manipulated in healthy controls. Interest in these studies is for a large part driven by the connection between 5-HT and depression. This raises the question whether the results also have relevance for the study of depression; in particular, whether simulation findings for low 5-HT can help in understanding memory deficits found in depression. These deficits might just be secondary to mood, but the idea that depression is accompanied by neuropsychological deficits independent of mood is gaining wider currency (Fleming et al, 2004) . A link between 5-HT and memory deficits in depression is suggested by the fact that serotonergic antidepressants have been found to improve memory before mood improved (Allain et al, 1992; Fudge et al, 1990; Siegfried and O'Connolly, 1986) . In our discussion of the ipsapirone study, we relied on the hypothesis that hypoactivity of 5-HT 1A receptors causes part or all of the memory deficits seen in depression. Based on our results and known 5-HT dysregulation in depression (Naughton et al, 2000) , we find this a defendable hypothesis, although more evidence is clearly needed to link memory deficits in depression to 5-HT with any certainty.
It is also tempting to speculate on the effects that antidepressant medication may have on memory through manipulations of 5-HT. Selective serotonergic reuptake inhibitors (SSRIs) will increase, at least acutely, levels of 5-HT in the central nervous system (Anderson et al, 2005) . This could be expected to alter hippocampal processing in ways consistent with a shift to the right in the panels of Figure 3 . In particular, free recall should suffer in normal controls but improve in depressed patients, while false alarms should decrease in both groups. Most studies of specific serotonergic antidepressant effects on memory show no acute effect. For some SSRIs, impairment of delayed recall has been found after 2 weeks of treatment with therapeutic doses (Riedel et al, 2005; Schmitt et al, 2001) . However, there is one study demonstrating an acute improvement of delayed recall after the intravenous administration of citalopram 10 mg (Harmer et al, 2002) . There is one further clinical study showing that after 6 weeks of treatment, the noradrenergic antidepressant desipramine and the SSRI fluoxetine were found to be equally effective in terms of their clinical effects on mood (Levkovitz et al, 2002) . Improvement of memory, however, was only apparent with the serotonergic antidepressant fluoxetine. This not only suggests a dissociation between clinical response and memory improvement but is also in keeping with our proposed role of 5-HT in memory processes.
Few hypotheses exist about the function of 5-HT in normal memory. Our simulations suggest that 5-HT may allow criterion shifting during storage and memory search: a low level of 5-HT in the hippocampus may constitute a permissive criterion for storage and retrieval, a higher level of 5-HT in the hippocampus a stricter criterion. In situations of 5-HT depletion, possibly including depression, the hippocampus may continuously be in a state favoring retrieval of irrelevant information, hampering recall performance and increasing false alarm rates. As in our model, effects at the 5-HT 1A receptor are important in connecting 5-HT to memory performance, this suggests a theoretical ground for the finding that 5-HT 1A agonists can relieve memory deficits in depression (Riedel et al, 2002 
APPENDIX
Integrate-and-fire MacGregor model neurons were used for the model. In running the simulations, the discrete-time approximation formulas given by MacGregor and Oliver (1974) were used. The model was constructed using the Nutshell simulator, developed in our group. It can be downloaded without cost at www.neuromod.org/nutshell. MacGregor and Oliver (1974) derived their model neuron from the Hodgkin-Huxley formulas (Hodgkin and Huxley, 1952) to account for firing characteristics in single neurons, while being computationally inexpensive enough for use in large-scale networks. These model neurons show spiking, adaptation, and threshold accommodation (the latter was not implemented in the present simulations). They are updated in discrete time steps, which in our simulations lasted 2 ms.
The model neuron emits a spike every time the membrane potential E crosses the threshold y:
In this equation, S is a dichotomous variable that is equal to 1 if the node emits a spike, and equals 0 otherwise. The membrane potential, E, is dependent on the sodium, potassium, and chloride currents over the membrane, as described in the following differential equation:
Here, ÀdE is the leak current, g ex the excitatory conductance, E ex the sodium reversal potential, g i the inhibitory conductance, and E i the chloride reversal potential. For computational purposes, both the membrane potential and the reversal potentials were mapped onto the interval [À1, 7] via a simple linear transformation (MacGregor and Oliver, 1974) . Resting potential is equated to 0 (À75 mV), the firing threshold y to 1 (À60 mV), the sodium reversal potential to 7 ( + 30 mV), and both the potassium and chloride reversal potentials to À1 (À90 mV). The parameter governing the leak current, d, is set to 1/7. When the node emits a spike, membrane potential is reset to resting level (via the term SE).
The potassium conductance g k models adaptation, and is determined by dg k dt
where S is the spiking variable. The time constant t is set to 1/13, the gain parameter b to 0.35. Excitatory input to the ith node is a simple linear summation of weighted inputs to that node:
where w ij is the weight from node j to node i, and S j is the spiking variable of node j. Rise times of synaptic inputs are thus not taken into account. Simple Hebbian learning is used, modeling LTP, with the additions of negative Hebbian learning, modeling LTD, and a bound on connection weights. Weights are changed according to
Here, w ij is the weight from node j to node i, while S i and S j are the spiking variables of the receiving and sending node, respectively. This is subject to the constraints that a weight cannot be lower than 0 or exceed a maximum W. The positive learning rate, m + , as well as the maximum weight, W, are set separately for every connection (see Table 1 ). The negative learning rate m À is set to 75% of the positive learning rate in all connections.
The inhibitory conductance, g i , in a given layer, l, is modeled as a continuous variable reflecting firing rates of inhibitory interneurons. It is described by the following equation: where s t is the activity of the septal interneuron: s t ¼ 0:5 À 0:5 sinðt=f pÞ ð 7Þ
